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1~ ABS TR A C'·T 
The results of investigations on drawing and hydrostatic 
extrusion of billets/ 
' 
with steel billets 
' 
. . 
V 1 Z. , composite 
molybdenum core and billets made from various metals with high 
temper~ture superqonductive ceramic powder are presented. The 
de.formation ' process and heat treatment are suggested. A 
continuous study on materials composition of ceramic wire due to 
its superconductive properties are proposed. 
) 
·' 
•) 
I \ 
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2. INT R'O DU C.T ION ,r" 
A composite material is defined as a combination of two or 
more distinct material~ having a recognizable interface between 
<V' 
them. This kind of material was developed because no single 
. 
~ material, which had all of the desired attributes for a given 
application, could be found. Because of improved electrical, 
mechanical and wear properties, composite wires and rods are 
.(') 
replacing solid metal products. Bimetals are a kind of composite 
and they enable one to combine superb properties such as 
corrosion resist.ance with good ·electrical cionductivi ty or h.igh 
strength of Qone metal with the low cost of another one. 
I r 
" 
Molybdenum is a very brittle metal and is difficult to 
.. 
even in such an adva·ntageous process (from a stress 
state and friction point of view)· as hydrostatic extrusion. There 
• 
l.S considerable intere.st r~ this metal because of i t.s stable 
electrical properties at elevated temperatures. One way to d~form 
molybdenum is to put it in sleeve made from a softer material and 
then fabricate it as a composite. 
Due to mant1facturing difficulties the number of bimetalic 
combinations is limited. Research on the fabrication of bimetals-
using hydrostatic extrusion and drawing_ processes 1-8 has· been 
done. In most of·these papers, both practical data and ~nalytic~l 
treatment for different bimetal rods ~re presented. 
Recent discoverie·s in· the field of high temperature. 
. . 
ceramic 
superconductors has focused the interest of many ·laboratories and 
... 
univer~ities on this field. The development of processes for the 
.man u fa c ·tu re of ceramic s ·up e r c on du Q t o r • wire .. lS of • prime 
2 
importance. 
/ 
The objective of this study is to evaluate process 
parameters which will enable plastic deformation of composites, 
e.g., steel billets with molybdenum cores and billets made from 
various metals with high temperature superconductive 
po·wder cores. 
' 
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3. PROCEDURE AND EXPERIMENTAL DATA:· 
n 
3.1. Molybdenum core in a steel sleeve 
' 
A billet was made with a soft plain carbon steel sleeve 
around a hard molybdenum core. ·A thin 0.005" niobium foil was 
wrapped around the core. A sketch of the original compqsite 
billet is given in Fig. 1. The niobium barrier was used to avoid 
' 
possible contamination of molybdenum from the steel sleeve during 
hydrostatic extrusion and drawing. ,, .. 
The billet w~s first hydrostaticly ext.ruded several times and 
then drawn by a draw be~ch. After a few passes, the necessary 
'I." 
annealing treatment was given. The pass reduction schedule and a 
heat treatmer1t for .,the billet is .recorded in Table 1. l • 
Metallographic specitnensY were~ prepare.ct f-rom: the, rod of- ·O. 056 '' · 
in -dia.meter. Among diff'er·ent possible mounting media a thermo 
setting epoxy was chosen. This choice was made because of the 
./J 
good adhesion and ,-1ear resistance o·f this material. A grinding 
sequence commenced with a 320-grit silicon-carbid~ paper fol.lowed 
wit·h 4·00- and -600-grit papers and ending with a 8 um paper. 
Polishing was done with silicon dio~ide with grit sizes of 6, 3, 
f 
., 
1 and 1/4. Et,ching was .done with 4% Picral· acid. Photomicrographs 
were taken .on a Zeiss microscope. 
The cross - and longitudinal 
presented in Figures 2 and. 3. 
sect ions of the O. 0 5 s·" rod are 
In Table ·2 experimental data related to drawing of a composite. 
rod consisting of a molybdenum core and a stainless steel sleeve 
are reported.iA sketch of 
._ ... 
.... -. ~. ~ 
this 
4 
composite billet 
' I . 
' 
• 1S given • in 
1 . 
./ 
,,, 
Figure 4. The photographs of Figure 5 and Figure 6 were taken 
after eleventh drawing pass·when the wire was 0.085'' in diameter. 
The metallographic specimens were prepared in the same way as 
described previous 1 y. F.i gure 5 shows the s pee i men before 
annealing and Figure 6 after heat treatment. Hardness tests were 
also done dn the cross section of the. wire on both the molybdenum 
core and stainless steel sleeve. After the whole deformation 
.-
process (fifteen drawing passes), cross - and longitudinal -
sections were photographed (Fig. 1) and then the micro~- hardness 
tests were taken. The results of the hardness tests are presented 
in Table 3. These tests were taken at the spots shown in the 
Figures 5b and 6b. 
')' . 
3. 2. Various ·Metal Billets with Ceramic· Powder YrBa Cu O · .. 2 3 7 - X 
In Figure.8 a sketch of a stainless steel billet ~ith a 
ceramic powder co r·e is. presented. The pow:de r l-la s man ua 11 y 
compacted- in the stainless steel sleeve and then plugged. This 
\ 
material was drawn by a draw bench and annealed' according·to th~ 
schedule presented • in 'rable 4 . 
Figures 9 and 10 show a copper billet with cerami.c pow~er and 
a nickel bill~t with ceramic powder, respectively. 
In Table 5 the data for the drawing and annealing of a 
stainless steel - silver composite. tube with 
presented. A. sketch of the billet1 .is shown in 
• 
ceramic powder.· are· . 
Figure 11 . 
.. 
After five passes the composite rod was O. 218" in diameter 
and part of it was cut. This piece was 3" long and was used as a 
5 
(I 
\ 
(,. 
,' 
')1 ( 
' 
\ 
\ 
\ 
--
billet in a process of hydr6static extrusion, The schedule of 
subsequent deformations and annealings are reported in Table 6. 
In Table 7 data related to the deformation and heat 
treatments of a stainless steel - silver billet with 
• ceramic 
powder shown in Figure 11 are pre~ented. This time 
• a ceramic 
.powder of the same chemical:, composi tio , but from different 
supplier, was us~d. After the seventh pass the stainless sleeve 
broke at 2/3 of the rod's lengt~. The rod was then cut and only 
its sound part was annealed and drawn further. 
In Table 8 the experi~ ..ental data of drawing of copper tube 
ii. 
with ceramic powder are reported. 
Table 9 contains·data about drawing of composite nickel-
,· 
silver t11be with ce~amic powder and just nickel tube with ceramic 
powder. 
~ ' - . 
These two kinds of bi1~lets ;.were d·eform-ed ;-with t.,he roone 
' 
'- i 
' 
schedule in a drawing process. 
In Table 10 data related to the hydrostatic extrusion of a 
silver tube-with ceramic powder are presented. 
0.-
In Table 11 the processing data concerning the drawing of a 
copper tube with ceramic powder are recdrded. 
6 
-
(. 
.,. 
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4. DISC u· S SI ON 
Molybdenum is an extremely difficult material to be deformed 
successfully. It is very brittle, so it cracks or breaks easily 
in a typical deformation process such as drawing and even 
extrusion. To allow a sound deformation, the brittle material 
can be encased in a~softer and more ductile sleeve. Then the 
· composite rod can ~e succ~ssfully deformed without cracking or 
breakage in the process of hydrostatic extrusion through pressure 
- induced ductility. 
lfb. 
In this study 1 a pure molybdenum core was wrapped in a thin 
~ niobium foil to prev"ent contamin'ation and encased in AISI-1045 
carbon steel. The steel is ductile, with typical elongation 
values approaching thirty· percent. When the steel sleeve and 
mol y·bci.enlJm core were . ··ex'truded and drawn, the ductile s·tee l 
created a region of high hydrostatic pressure around the ~rittle 
mo.lybdenum. The combination of hydrostatic pressure and 
deformatio.n forces allowed the ·bri.ttl·e mo1ybdenum to be deformed 
I 
smoothly and control Iably···throf~-gh pre-ssur~ - . induced d_u·ct.i l i ty. 
From the pictures taken during the microscopic observation 
of the composite wir~ (Figs. 2 ~nd 3), the niobium foil wrap is 
relatively smooth at the interface with the _molybdenum and 
relatively rough at the interface with the steel. It can be seen 
in these figures that both the molybdenum core and niobium wrap 
are sound. In the pictures at 250X,. the 
different materials can be observed. 
soundness of three 
The ductile steel 
accommodated the localized deformation· of the niobium, while the 
niobium was unable to be deforme-d into the mechanically superior 
7 
• 
r' I 
;) 
Q 
I 
/ 
I 
• 
' 
molybdenum. The second billet did not have a niobium foil barrier 
and carbon steel was replaced by stainless steel. This was done 
' 
to see if there • 19 eventual contamination during the process . 
C • 
From Figure 7, it can fue observed that contamination did not 
occur during a deformation process. The results of composite wire 
~abrication were also successful as with the previous billet. 
• 
0 
Micro - hardness confirmed that both the core and the sleeve are 
deforming during the drawing process which allows us to obtain 
so,1nd wire. 
These experiments prove.cl that this particular compogite rod 
can be drawn successfully without cracking or breakage in the 
core. Several process paramet~rs are especially pertinent to 
the composite r.od: 
l ) 
, . 
core diameter to sleeve di~meter ratio 
2) percent reduction per pass 
3.) die angle 
4) annealing treatments 
5 ) deformation temperature 
6) drawing speed 
~ r • • 
These parameters can be optimized either analytically or 
experimentally. Figure 12 sho.ws mechanism of hydr.ostatic 
extrusion and drawing. Analytical computer modeling can predict 
the optimum_proc~ss parameters, and these parameters can then be 
verified experimentally, A practical, efficient extrusion and 
drawing schedule can then be applied for the production of a 
-sound composite rod or wire. 
Ceramic powder YBa Cu O is a-~~u·perconductive material 
2 3 7 - X · I 
•·· 
• 
8 
' 
... 
/ 
\. 
with a critical temperature of 91 K. A high critical temperature 
• 1S the • main advantage of t'his material comparing it ~to .low 
temperature niobium-titanium and ~iobium-tin superconductors 
which are widely used now. A critical temperature for NbTi is 
around 7K, and that for Nb Sn is around lOK, so that both of them 3 
need e~pensive liquid helium to cool them instead of much cheaper 
p 
liquid nitrogen used with ceramic superconductors. A need for 
~ery high magnetic fields for saving potential energy has created 
• 
• 
worldwi"de interest 1n the commercial development of ceramic 
.. 
s lJperc ond uc ti ve technology. Ceramic superconductors are 
considerably m·ore difficult to fabricate than their 
superconductive metal alloy counterparts. They are like other 
ceramic materials and breal{ easily. The;l ar·e also extremely 
sensitive and: carbon dioxid_e, and 
.. ,, 
to oxygen, ,...rater are 
9 
·anisotropic which made them very diff.icult to process. The 
product.ion of a h·igh quality wire depends on precisely a·ligning_ 
their crystals and requires unconventional processing techniques. 
The o6jective of this work related to superconductor ceramic 
poi~·der to achieve sound 
. 
wire with high t·emperature 
superconduct,1ve ·properties. ··In the case .of the first billet drawn 
by the draw bench . 1n 12 passes, ( See Table 4 ) a diameter ot, 
0.097" was achieved. .Unfortunate.ly, this 
• 
wire ·did hot 
' 
show anv ,, 
superco~ducting properties. The reason for this was oxygen pick-
up by the ceramic mater·ial during ·annealing at a temperature of 
650°C for 3 hours. Because of this, the ne~t billet consisted of 
a stainless steel tube with an inner silver tube as recommended, 
.by McCallum et.al. 
1 0 
• Silver was used to control the oxygen 
potential in the powder-in-tube.process. The sampl~ ob\ained from 
' 
9 
I __ .,. •• 
( 
" 
the drawing process reported in Table 7 after the seventh pass, 
and before annealing, showed critical current density* of J =0.2 C 
2 
A/cm. Unfortunately, the contamination of the inner silver tube 
occurred, ~h~ch can be seen in Figure 13, and described next. 
The "1-2-3" powder was manually compacted into the composite 
tube and then plugged at both ends. The billet was then drawn on 
a draw bench using the schedule given in Table 7; the billet was 
annealed twice, first after pass #7 ( 85% reduction). and then 
aft~r pass #10 (93% reduction) at a variety of temperatures (600-
0 
900 C) and times ( 1-8 hours). The mos~ ty~ical annealing cycle 
0 
was 650 C for 3 hours and then slow cooled in the fu-rnace ·to room 
temperature. 
• ¥ .?i,·~ 
A11 alternative to t.,he pr·ocess of drawing may be-~the process 
of h)rdrostatic extrusion, i~hereas higher 
. 
compress1 ·\re load • 1S 
exert.ed o.n the powder, and the s leev·e is not subjected to tE\ns i le 
load, thus, hi,gher retiuctions can be at..,t,empted- in a single }')ass. . ·-, 
.fiere a stainless steel sleeve with silver" barr.iE~r was fir·st 
d r a i'7r1 • After five passes (70.8% reduction) the composjte rod 
d 'b d b J."'.educed to 0.218" escr1 e a ove was __ in diameter and part o·f it 
was C-ut. This piece -was 3 '' lon_g and i~a.s used as a bill(~t -for· 
hydrcistatic extrusion. The deformation ~nd annealing schedule is 
listed in Table 2. 
To avoid high temperature annealing which caused ·so much 
difficulty, the sta.inless steel tube was .replaced by a copper 
one. During the drawing procedure from a diameter of 0.272'' .to a 
* Superconductivity diminishes· when the current. density exceeds the cri t~cal 
current density. 
10 
V 
diameter of 0.081" only one annealing was used. See Table 8. 
The temperature was much lower compared to the heat treatment 
given to the composite steel-silver-ceramic powder billet. The 
present billet was annealed at a temperature of 210°C for 3 
' 
hours. Unfor.tunately, also in this case, the displacement 
reaction shown below took place. 
+ 2 Cu + Cu 
(See Figure 14). 
-
-
+ 1 2Cu 
The copper tube was replaced by a nickel-silver compo~ite 
·tube and the~ by a nibkel tube. This permitted the successful 
~ . 
drawing of wire from 0.5'' to its fi.nal diameter of 0.144" without 
annealing. See Table 9. This wire composition only partly solved 
'· 
t.l1e problem of the qisplacement. react,ion .becaus·e the ceramic 
i , s 
po,..;der neerieci tc) rJe -sintered after f1eformat_ion. 1.,her.e seems to be ) ~ ~ . 
on l )' . t iv C) ·w a y s 1. ~ a \' o i d t h i s p 1· c) b l em • One is to use no copper-
. . 
based sl1pe.rc~c)n(iuc~tors and t.he othe·r is to place the YBa Cu 0 
2 3 7 - X 
ceramic p(1wder in a billet made from a n1ore nob.le ( less 
e.lect,ropositive) metal than copper, such as silver, pal1adilun, 
pl~tinum or gold. 
There are two main disadvantages for the above group of 
metals. Ji~irst, they are expensive · and second, 
have a 111 OW yie.ld point, so that·: t.he on.ly 1..Ja V 
~I 
to deform them 
together with the ceramic p6wder is to undergo hydrostatic· 
extrusion. Figures 14-16 show copper wire ~·i th ceramic powder, 
nickel wi.re with ceramic powder, and nickel-silver composite wire 
with ceramic powder, respectively. Studying these· figures, one 
can observe cracking of the ceramic core. The inner silver tube 
:·broke after deformation in the drawing process and, the silver is 
" 
11 
) 
'• 
" 
relatively rough at the interface with the nickel (Fig.16) . The 
ductile silver accommodated the localized deformation of the 
ceramic powder and nickel and this led to the breaking of the 
silver layer in some places (F.ig. 16). 
Hydrostatic extrusion seems to be the more ~referable 
{ 
) 
process • 1n terms of I wire soundness . Its disadvantage I lS the 
: {> 
limited rod length obtained from a single hydrostatic extrusion 
pass. The last billet was made of a heavy wall silver tube filled 
with ceramic powder and hydrostaticly extruded in 4 passes from a 
diameter 0.25" to a diameter of 0.11'' (53.8% reduct.ion) without 
anr1eal~_rig, as shown in Table 9. Due to the fabrication problems, 
• 
it. i. s a l s o r1 e c e s s a r y t o study mat.eria1 
' . 
compositions which might 
alloi..,r _ the fabricati.on of a sound i..,1ire with superconductive 
f)roperti(:_~s aft.er· t.he cleforming and sintering processes. 
12 
• 
5. CONCLUDING R E M A R K S 
1 ) 
2) 
3) 
The composite rods of a molybdenum core 
stainless steel sleeve could be drawn 
encased • 1n a 
successfully. 
The composite rrids with • ceramic powder can be drawn and 
.Q 
extruded successfully by the deformation schedule shown 
. 
i;i this paper. 
I-nner soft sleeve braking and . . ceramic c~\JF~. cracking and 
. '\ 
diffusion during heat treatments were observed. 
4) Although sometimes ceramic cracking was observed after 
forming, this failure was deterred by selection of 
' 
pr()per proc~essing · parameters. Here it is worth 
... '~ ,..< ,, .;.--= .,, , '").. 
mentioning that hydrostatic extrusion was more 
effective in compaction. that wi.re drawing, ~s expected. 
5) Ce~amic cracking· during heat treatment is ·attributed to 
the differences in the coefficients of thermal expansion 
of the metal and that of the • ceramic powder . To avoid 
ceramic core cracking previous ~echanical ceramic powder 
compaction is suggested, and a search for more 
r 
compatible metal compositions is recommended. 
6) The effect of processing, including deformation, heat 
treatment and sleeve material selection on the 
superconductivity of different powders 
studied. 
13 
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·1s yet to be 
. ' 
: 
.... 
. -._· •. ~ .~ _;.-' ' . 
( 
D 
., 
6. REFER ENC s 
1. Avitzur, B., Wu, Talbert, S., and Chou, Y.T., "Criterion· 
for the Preventation of Core Fracture During Extrusion of Bimetal 
Rods'', ASME Joarnal of Engineering for Industry, Vol. 104, 1982, 
pp • 2 9 3 - 3 0 4 • .--.. 
2 • A v i t z u r , B • , W u , R • ,_ T a l b e r t , S • , a n d C h o u , Y • T ·• ., " An 
Analytical Approach to the Problem of Core Fracture During 
Extrusion of. Bimetal Rods", ASME Journal of Engine~i~ for 
Industry, Vol. 107, 1985, pp. 247 253. 
3. Avitzu.r, B., Wu, R., Talbert, S., and Chou, Y .T., "Criterion 
for the Preventation of Sleev.e Fracture- During Extrusion of. 
Bimetal Rods", ASME Journal of __ Engineering for Industry Vol. 108, · 
1986, pp. 205 - 212. 
4. Avitzur, B., Handbook· of Metal-Forming Processes, John Wiley 
& Sons, New Yoik, 1983~ 
5. Nagy, A._ T., "Drawing of Material Con.sisting of a Hard Core 
and a Soft Sleeve'', Journal of Mechanical Working Technology Vol. 
1 2 , 1 g a·5 , PP • 6 7 - 7 7 . 
6. Matsuura, Y., Takase, K., "Characteristic on Hydrostatic 
0-}tExtrusion of Composite Materials", 
Laboratory, Waseda University, No. 
Report of the Casting Research 
22, 1971. 
7. Chia, H. T., Sansome, D. H., "Drawing o.f Bi-Metal Tube on 
Rod", Wire Jo'urnal, October 1978, pp. 60 -63. r, 
14 
' 1-. 
•• 
" 
., 
8. Sliwa, R,, Zasadzinski, J., "The Analysis of Material Flow 
During Two-Layer Extrusion'', Proceedings of the 1st Conference on 
'Mechanics", Prague, June 29 - July 3, 1987, pp. 109 - 112. 
9. Chen, I. W., Wu, X., ·Keating, S. J., Keating, C. Y., 
Johnson, P.A., Tien, T. Y., 
· 2 3 X 
"Texture Development in YBa Cu 0 
by Hot Extrusion and Hot Pressing", Communication of the 
American Ceramic Society, December 1987, pp. 388 - 390. 
10. McCallum, R .. W., Verhoeven, J. D., Noack, M.A., Gibson, E. D. 
Laabs E D Finnemo~e .. , D. K., 
. . ' . . . ' "Problems in the Production 
YBa.
2
Cu
3 0x · Superconducting Wir·e'', Advanced· Cerami·c Materials 
Vol.2.,No 3B, ·special Issue, 1987, pp. 388 - 400. 
./ ". 
. (/ 
.,. 
15 
I 
/. 
f 
TABLE 1 
EXPERIMENTAL PROCESSES OF HYDROSTATIC EXTRUSION AND DRAWING OF 
STEEL-NIOBIUM-MOLYBDENUM COMPOSITE ROD. 
Materi.als: 
pass 
# 
case: AISI-SAE 1045 s·teel 
wrap: niobium 
core: molybdenum 
: original 
1 diameter 
. l 
(in) 
final 
diameter 
(in) 
red. 
(r%) 
{ presstire 
I 
tr' 
: ~ ( psi ) 
. 
semi-cone 
die angle 
(degrees) 
comments 
-----------------.------------------------------------------------
HYDROSTATIC EXTRUSION 
1 (J. 349 0. 289-. 31.9 17200 5 
2 0.289 0.243 I 30.0 19000 ,-
. I J 
3 () . 2 4 3 0.214 22.4 .19600 - * J 
• 
----------------~------------------L-----------------------------
DRAWING ( 0.5 f't/min ) 
4 0.214 -0 . 19 5 16.9 I 8 I 
5 0. 19 5 0. 174 20.3 I 8 I 
6 I 0.\74 0.162 13. 3 8 I 
7 I 0.150 14.2 ,-I 0. 1 '6j J 
8 0. 150 0.138 15.4 ,... ::) 
'· 
·9 () . 1 3 8 0. 12 5 .I 18.0 l ,-I I J 
10 I · 0. 12 5 0. 113 18.3 I 5 I I 
1 1 I 0.113 0. 100 21 . 6 I ,- * I ·::) 
12 0. 100 0.092 15.4 I 8 
i 
13 0.092 0.083 18.6 8 
14- 0.083 0.077 1.3. 9 8 
15 0.077 0.073 10. 1 8 
16 0.073 0.069 11.0 8 
17 0.069 0.065 11.3 8 
18 0.065 0.062 ' 9.0 8 I 
1·9 0.062 I 0.059 -9. 4 8 I I I 
20 I 0.059 0.056 9.9 I g· :see I I 
I I :2 and -I 
/--
* - the listed annealing treatment followed this step: 
1 ) 
2) 
3) 
0 . 
900 C I 1 hour· 
furnace cool to 600°C 
ai·r cool to room temperature 
I 
' 
16 '( 
Figs 
3 
~ 
\ 
TABLE 2 
EXPERIMENTAL PROCESSES OF DRAWING OF S·TAINLES.S STEEL-MOLYBDENUM 
COMPOSITE ROD. 
~Materials: 
pass 
# 
case: 
core: 
stainless steel 
molybdenum 
original : 
diameter : 
(in) 
final 
diameter 
(in) 
: red. 
(r%) 
: semi-cone 
: die angle 
(degrees) 
comments 
. ~ 
-~~----------------------~--------·------------------~-~----------
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1 
12 
13 
14 
1.5 
r:·, 0.310 
0.272 
0.233 
0.203 
0. 180 
0. 162· 
0. 144 
0. 13 ~ 
0. 119 
(). 107 
0.095 
0.()85 
() . 0 7 7 
0.069 
0.062 
I 
I . 
I 
I 
1· 
I 
0.272 
0.233 
0.203 
0. 180 
0. 162 
0. ·144 
0. 13 2 
(}.1.19 
0 • 10 7·' 
0.095 
0. ()85 
0.077 
0.069 
0.062 
0.056 
t 
: 23.0 
: 26.6 
24.0 
21.3 
19.0 
20.0 
16.0 
18.7 
19.0 
2 1 • 5 
19.0 
~ I 19,2 
~-,,18.8 
: }19.3 
: 19 .. 0 
d~awing speed 0.5 ft/min 
i 
' 
I 
I 
I 
I 
.I 
I 
I 
I 
. I 
I 
8 
5 
16 
8 
8 
8 
-
~) 
5 
8 
8 
8 
8 
8 
8 
\. 
* See Fig .. 
See F' ig. 7 
* - the listed annealing treatment followed this s·tep: 
0 . 
1) 900 C / 1 hour 
. 0 . . 
2 ) 
3 ) 
furnace cool to 600 C / 5 hours 
air cool to room temperature 
• 
17 
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TABLE 3 
MICRO-HARDNESS TESTING RESULTS ON THE CROSS SECTION OF 
MOLYBDENUM-STAINLESS STEEL WIRE. 
Stainless Steel 
I 
I 
I 
I 
I 
I 
Molybdenum 
- - - - - - - - - - - ~ - - -- - - - - - - - -- - --- - - - - - - --- -- - -- - - -- - - - - - - - -- - --- - - - - - - - -. - - - -
I I I 
I I I 
Knoop Average Rockwell I Knoop Average I Rockwell I I 
hardness Knoop hardness I hardness Knoo·p I hardness I I 
500 g hardness I 500 g I hardness I I 
'· 
I 
I I I 
I I I 
------------------------
.-...--------------------------------------
---- ..... ---
3·46 
345 
334 
324 
._ ... ~ 
159 
154~ 
) 
15 3 t· 
151 
289· 
285 
284 
284 
I 
I 
I 
I 
i 
I 
I 
I 
337.3 
after 11th drawing pass 
total'reduction = 92.5% 
C ·3 3. 3 
I 
I 
521 
527 
527 
525.0 
after 11th drawing pass and heat treatment 
154.3 
285.5 
total reduction - 92.5% 
A 75.0 
331 
326 
311 
after 15th drawing pass 
total reduction= 96.7% 
' 
.I I 427 I I 
I C 26.4 I 427 I I 
I I 427 I I 
I I 
I I 
18 
3 2 2 .• 7 
I 
I . 
I 427 I 
I I 
I 
I 
I 
C 49.1 
(; 3 1 . 0 
C 42.0 
;.. 
~ 
" 
"' 
(,,\ 
I • 
,• 
• 
TABLE 4 
EXPERIMENTAL PROCESSES OF DRAWING OF STAINLESS STEEL TUBE WITH 
CERAMIC POWDER. 
Materials: 
outer tube: stainless steel 
core: ceramic powder 
pass I original I final red. I • I comments I I I semi-cone I 
# I diameter I diameter I I die angle I I I I 
I (in) I (in) I (r%) : (degrees) I I I I I 
-------------------------~---------~-------------~~-----------~--
1 I 0. 40-3 I 0.328 I 33.8 I 8 I I I I 
2 I 0. 3:2 8 I 0.272 I 31.2 I 8 I I I I 
3 I 0.272 I 0.240 I 2·2. 1 9 I I I 
4 I 0.240 I 0.218 I 17.5 I 8 I I I I 
5 I 0.218 I 0. 19 5 I 20.0 I 8 I I I 
"' 
I I I 
6 ., 0. 19 5 ·O. 17 4 I 20.4 I 8 I I I I I 
7 I 0. 17 4 I 0. 156 I 19,. 6 I 8 I * I I I I I 
8 0. 156 I 0. 144 I 14.8 I 5 I I I 
9 a. 144 I 0. 132 I 16.0 5 ' I I I 
10 0. 132. I 0.119 I 18.7 5 I I .t I 
11 I 0. 119 I 0. 107 I 19 .·O· 2 I *· I I I I 
12 I 0.107 0.097 I 17.8 2 I I 
0 
drawing spe~d 0.5 ft/min 
* - the listed annealing treatment followed this step: 
0 . 
1) 650 C / 3 hou~s . 
2) air cool to room ,temperature 
19 
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TABLE 5 
EXPERIMENTAL PROCESSES OF DRAWING OF STAINLESS STEEL-SILVER 
COMPOSITE TUBE WITH CERAMIC POWDER. 
Materials: 
pass 
# 
outer tube: stainless steel 
inner tube: silver 
core: ceramic powder 
original I final red. I 
diameter I diameter I I I 
I (in) I (in) I (r%) I I I 
• comments semi-cone 
die angle 
(degrees) 
--------------------
--------------------
--------~----------------
1 0.403 0.352 23.7 8 
2 0.352 0.295 29.7 l 9 I 
3 0.295 0.257 24.1 I 8 I 
4 0.257 0.233 I 17.8 5 I 
5 0.233 0.218 I 12.5 8 I 
6 ,0. 218 I 0. 195 I 20.0 8 I I 
7· 0. 19 5 I 0.174 I 20.4 8 
.1 
* I I 
I 
8 0. 174 I 0. 156 19.6 8 
! 
I 
9 0.156 0. 144 14.8 5 
10 0. 144 0. 13 2 16.0 5 * 
1 1 0. 13 2 0.119 19.7 
,-
J 
12 0 . 119· 0. 10 7 19.0 ·2 :see Fig. 13 
drawing speed 0.5 ft/min 
* - the J.isted annealing treatment followed this step 
0 1) 700 C / 3 hours 
2) air cool to room temperature 
20 
I 
', 
.. 
TABLE 6 
EXPERIMENTAL PROCESSES OF HYDROSTATIC EXTRUSI,ON OF STAINLESS 
STEEL-SILVER COMPOSITE TUBE WITH CERAMIC POWDER. 
,, 
., 
Materials: 
V 
pass 
# 
outer tube: stainless steel 
inner tube: silver 
core: ceramic powder 
original 
diamet.er 
(in) 
. 
final I I 
diameter : 
, ( in 
red. 
(r%) 
load 
(lbs) 
I 
, pressure 
t 
I 
I 
I (psi) 
comments 
----------------------- -----------------------------------------
1 I· 0.218 0. 1 6 27.2 10,000 51,020· 
** 
I 
2 0. 186 0\4,. 14 8 36.7 19,600 100,000 I I 
3 0.148 (} .. 1.2 5 ·~ ., I 28.6 21,200 108,163 I ..,_ I I 
4 0.125 0.110 22.5 13,900 70,918 I 
** 
I 
\ __ ._,t, 
·, 
'. 
** 
- the listed a·nneal ing treatment preceded this step: 
0 1) 700 C / 3 hours 
. 
. 2) air cool to room temperature 
( . ~· 
' 
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TABLE 7 
EXPERIMENTAL, PROCESSES OF DRAWING OF STAINLESS STEEL-SILVER 
COMPOSITE TUBE WITH CERAMIC POWDER. I 
Materials: 
pass 
# 
outer tube: stainless steel 
inner tube: silver 
core: ceramic powder 
I original I final I red. I I I 
I diameter I diameter I I I I 
(in) (in) (r%) 
• I comments semi-cone . I 
die angle 
I (degrees) I 
--------------------------------------------------------------·---
1 
2 
3 
4 
5 
6 
,... 
I 
8 
9 
10 
1 1 
1 2 
13 
14 
15 
16 
17 
0.403 0.352 I I 
I 0.352 0.295 I I 
I 0 .. 29 5 I 0.257 I I 
I 0.257 I 0.233 I I I I 
I 0.233 0.218 I I I 
I 0 . 2 1 ~'<' 0. 19 5 I I I 
I 0.195) I 0.174 I , I 
0.174 I 0.156 I 
() . 156 0.138 
0. 13 8 0.125 
0. 12 5 0. 113 
I . 0. 113 0. 100 
I 0. 100 0.095 I I 
0.095 0.090 I 
0.090 0.081 
0.081 0.073 
0.073 0.066 
drawing speed 0.5. ft/min 
--~ 
23.7 
29.8 
24.1 
17.8 
12.5 
20.0 
20.4. I I 
1 9 • ti I I 
21.7 I I 
17.9 
18.3 
21.7 
9.7 
10.2 
19.0 
18.8 I I 
18.3 I I 
x - cracking of the steel sleeve 
8 I .-I 
9 I;, 
'· 8 
5 
8 I I 
8 
8 x· * 
8 
5 I 
,- t ' 
* J I 
,-
::> 
5 
8 I I 
8 I I 
8 
8 I I 
8 I I 
* - the listed annealing treatment followed this step 
-0 
1) 750 C / 3 hours 
2) cooling with ,furnace to room temperature 
I 
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TABLE 8 
EXPERIMENTAL DATA PROCESSES OF DRAWING OF COPPER TUBE WITH 
CERAMIC POWDER. 
" 
Materials: 
outer tube: copper 
core: ceramic powder 
original final I red. • comments pass I semi-cone 
# di-~meter diameter I die angle I I I 
I 
I (in) (in) I (r%) (·degrees) I I I I 
- - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - -
1 0.272 0.249 16.0 I 16 0 I 
2· 0.249 0.233 12.4 I 5 f 
3 Q.233 0.210 18.7 8 
4 0.210 0.195 13.7 8 
5 0. 19 5 0. 180 14 •. 8 8 I I 
6 0. 180 0.168 12.9 8 1.· I 
,..... 0. 168 0.156 13.7 - I 
' 
8 I 
8 0. 156 0.144 14.8 5 .I l I 
';...:, -, 
9 0. 144 0.132 16.0 .- I t) I 
10 0. 132 0. 119 18.7 5. I 00 I 
11 .0. 119 0.107 19.0 ,... I _) J I 
" 
12 0. 10 7 . 0. 100 I 12.6 5 * 
'13 (). 100 0.090 I 19.3 8 I I 
14 0.090 0.081 19.0 8 See 1~-ig. 14 
drawing speed 0.5 ft/ . . min 
* - the listed annealing treatment followed this step: 
1) 210°C / 3 hours 
2) air dool to room temperature 
\"-
-23 
TABLE 9 
EXPERIMENTAL PROCESSES OF COMPOSITE NICKEL-SILVER TUBE WITH 
CERAMIC POWDER AND NICKEL TUBE WITH CERAMIC POWDER. 
Materials: 
outer tube: nickel 
inner tube: silver 
core: ceramic powder 
I original I firial I red. pass I I I 
# I diameter diameter I I I 
I (in) (in) I (r%) I I 
( 
I I I comments I sem1-cohe I 
I die angle I I I 
I (degrees) I I I 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - -· - - - - - - - - ..... _ j 
1 0.500 0.447 20.0 I 20 I 
2 0.447 0.396 I 21.5 5 I 
3 0.396 0.340 I 26.3 5 I I I 
4 0.340 0.295 24.7 9 I I 
5 0.295 0.265 19.3 9 I ~'°J ,!) I I 
6 0 ." 26 5 0.240 I 17.9 I 9 I I < 
7 0.240 0.218 I · 17 . 5 I 8 I I 
8 0.218 0. 19 5 I 20.0 I 8 r I 
9 0.195 0. 174 I 20.3 I 8 
~' ~ ,. 
I I 
10 0.174 0.156 I 21.7 8 I I I 
ll t 0.156 I ·O. 14 4 I 14.8 5 I I I 
12 0.144 I 0. 13 2 I 16.0 5 See Figs. 1 5 , 1·6 I I 
··drawing speed 0.5 ft/min 
/ 24 
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TABLE 10. 
EXPERIMENTAL PROCESSES OF HYDROSTATIC EXTRUSION OF SILVER TUBE 
WITH CERAMIC POWDER. 
Materials: 
outer tube: silver 
core: ceramic powder 
pass original I final red. I load 1. pressure I comments I I I I 
# di.'ameter I diameter I I. l I I I I 
( in) (in) (r%) (lbs) l (psi) I I I 
-----------------------~-----------------------------------------
l 0.250 0.238 9.0 1. 1 , 0,00 5,102 I I I 
2 I 0.238 0.213 20.0 I 5,200 I 26,531 I I I 
3 l 0.213 I 0.182 26.9 I 7,600 38,776 I I . , 
4 0. 182 I 0.167 15.8 
r--, 
,200 36,735 I { 
~1 - -...1~ •")' _~.. ' ....... 
TABLE 11 
EXPERIMENTAL PROCESSES OF DRAWING OF COPPER TUBE WITH CERAMIC 
POWDER. 
tvlaterials: 
outer tube: copper 
core: ceramic powde-.r 
pass I original I final I red·. I 
. I comments 
I I I I semi-cone I 
# ' diameter diameter I I di·e angle I I I· I ·1 
I (in) (in) I (r%) I (degrees) I I I I I 
-----------------------------------------------------------------
• • . 
•'1 • 
1 I 0.375 I 0.328 23.5 8 ** I •• 
2 0.328 I 0.289 22.3 I 8 l I l I 
3 ' 0.284 1. 0.265 16.0 I 9 I I 1. I I 
4 I 0.265 0.240 1·s. o . I 9 I I 
5 0.249 I 0.218 17. 5 I 8 I I 
6 I 0.218 0.195 20.0 I 8 I I I I 
7 0. l 9 5 0.168 25.7 I 8 l I I 
drawing speed 0.5 ft/min 
** - the listed annealing treatment preceded this step: 
0 
. 1) 250 C / 3 hours 
2) air cool to room temperature 
25 
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Fig.2 Cross Section of Molybdenum-Niobium-steel Wire. 
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Fig.3 Longitudinal Section of Molybdenum-Steel Wire. 
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FIG. 4 MOLYBDENUM-STAINLESS STEEL COMPOSITE BILLET 
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a) Longitudinal Section 
./ 
.. 
• 
b) Cross Section 
Fig.5 Molybdenum-Stainless Steel Wire with 0.085'' Diameter 
before Annealing. 
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c) Molybdenum Core Longitudinal Section 
h d) Molybdenum Core Cross Section 
Fig.5 (Cont.) Molybdenum-Stainless Steel Wire with 0.085 11 
Diameter before Annealing. 
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5f)x • 
a) Longitudinal Section 
"' 
b) Cross Section 
Fig.6 Molybdenum-Stainless Steel Wire with 0.085" Diameter 
after Annealing. 
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c) Molybdenum Core Longitudinal Section 
d) Molybdenum Core Cross Section 
Fig.6 (Cont.) Molybdenum-Stainless Steel Wire with 0.085 11 
after Annealing. 
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a) Longitudinal Section 
b) Cross Section 
Fig.7 Molybdenum-Stainless Steel Wire with 0.056" Diameter. 
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c) Molybdenum Core Lon9,itudinal Section 
, 
d) Molybdenum Core Cross Section 
Fig.7 (Cont.) Molybdenum-stainless Steel Wire with 0.056'' 
Diameter. 
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FIG. 8 STAINLESS STEEL BILLET WITH CERAMIC POWDER 
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FIG. 9 COPPER BILLET WITH CERAMIC POWDER 
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FIG. 10 ijICKEL BILLET vJITH CERAf1IC POWDER 
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FIG. 11 STAir~LESS STEEL-SILVER COMPOSITE BILLET i·JITH 
CERAMIC P0v1DER 
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Fig.12 Mechanism of Hydrostatic Extrusion and Drawing. 
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Diffusinq 
Copper 
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Barrier 
)Ceramic 
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Fig.13 Longitudinal Section of Stainless Steel-Silver Wire 
with Ceramic Powder. 
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• 4f)x 
- . 
OBSERVED CRACKS IN THE CONSOLIDATED CERAMIC POWDER 
CERAMIC 1-2-3 POWDER 
Fig.14 Longitudinal Section of Copper Wire with Ceramic Powder 
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OBSERVED CRACKS IN THE CONSOLIDATED CERAMIC POWDER 
25f)x 
CERAMIC 'l-2-3 POWDER 
Fig.15 Longitudinal Section of Nickel Wire with Ceramic Powder 
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Fig.16 Longitudinal Section of Nickel-Silver Composite Wire 
with Ceramic Powder. 
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